Introduction
The wave of financial integration globally has continued to deepen owing to the rapid technological advances which have significantly enhanced the processing of financial services across borders. For instance, advances in computer hardware and software have dramatically reduced the costs of collecting and analyzing data, initiating and confirming transactions, clearing and settling payments, and monitoring financial flows (Herring, 1994) . While the integration of domestic financial markets with the international financial markets facilitates trade among nations; the associated risks and uncertainties have remained a major concern. Schmukler (2004) outlines some of the areas of controversies in the literature particularly those relating to the risks associated with financial globalization. More prominently, when financial markets become more internationally integrated, the chances of spillover effect or contagion effect become more eminent. The global financial crisis seems to lend support to this argument. Earlier cases include the 1997-98 Asian and Russian crises, as well as those in Brazil 1999 , Ecuador 2000 , Argentina 2001 , Turkey 2001 , and Uruguay 2002 (see Schmukler, 2004 . Agenor (2003) also documents the various benefits and costs of international financial integration and the paper also complements recent studies in arguing that financial integration must be carefully prepared and managed to ensure that the benefits outweigh the short-run risks. One way of minimizing short run risks is to provide information about the probable spillover effects between financial markets in order to guide both investors and policy makers in decision making.
Generally, the benefits of measuring these spillovers are three-fold. First, information about the intensity of these spillovers provides useful insights to portfolio investors on how to diversify their portfolio investments in order to minimize risks and by extension maximize returns. Second, policy makers require this information to identify and deal with any financial market that is more susceptible to higher risks and uncertainties. Thirdly, they can also serve as early warning signs for any untoward event in the financial markets.
In the literature, analysis of spillover effects is not new. The literature can be partitioned into two strands. On one hand are studies dealing with identical financial assets (see for Our interest in the analysis of spillovers in foreign exchange market is strengthened by some striking features of the market. A foremost writer on currency trading, Boris Sclossberg highlights some of the attractions to the analysis of spillovers in currency market as follows. Forex market is the largest financial market in the world and it is the most liquid and fluid market in the world. It trades 24 hours a day from 5pm EST Sunday to 4pm EST Friday and it rarely has any gaps in price. Its sheer size and scope (from Asia to Europe to North America) makes the currency market the most accessible market in the world. 1 Motivated by these attractions, this study measures the return and volatility spillovers in global foreign exchange (FX) markets using most traded currency pairs in the world. Kavli and Kotzé (2014) and Ozer-Imer and Ozkan (2014) document the prominent studies dealing with currency markets. More noticeably, they highlight the currency markets captured in these studies as well as the methodological approaches employed. However, most of the studies are limited in terms of their scope such as the exchange rates analyzed, countries/regions covered, the shocks/ crisis episodes examined and the methodology employed. For example, Ozer-Imer and Ozkan (2014) examine the impact of global financial crisis on exchange rate spillovers while Boero et al. (2011) analyze the structure of exchange rates before and after the introduction of the euro. Also, McMillan et al. (2010) focus on three euro exchange rates; Kavli and Kotzé (2014) capture emerging market currencies; Bubák et al. (2011) deal with emerging European foreign exchange markets while Kitamura (2011) consider the spot rates of the Euro, Yen and Swiss franc.
Our study extends the exiting literature in the following ways: (i) we focus majorly on the most traded currency pairs in the world that account for more than 95% of all speculative trading in global Foreign exchange; (ii) we deal with both return and volatility spillovers among the currency pairs; (iii) we compute the various spillover indices using the Diebold and Yilmaz (2012) approach that allows us determine the extent of interdependencies among the currency pairs; and (iv) we capture the various secular and cyclical events that may have influenced the magnitude of return and volatility spillovers among the selected currency pairs using rolling sample analyses. The currency pairs considered for the analysis are The Australian Dollar and US Dollar (AUD/USD) (nicknamed 'aussie' ), The British Pound and US Dollar (GBP/USD) (nicknamed 'cable'), The Euro and US Dollar (EUR/USD) (nicknamed 'euro'), The US Dollar and Canadian Dollar (USD/CAD) (nicknamed 'loonie'), The US Dollar and Japanese Yen (USD/JPY) (nicknamed 'gropher'), and The US Dollar and Swiss Franc (USD/CHF) (nicknamed 'swissie'). These currency pairs, along with their various combinations (such as EUR/JPY, GBP/JPY and EUR/GBP) have continued to drive all speculative trading in global FX. 2 Due to the volume of foreign exchanges of these currency pairs, they are more likely to be susceptible to higher risks and uncertainties than the less traded currencies.
As noted, we utilize the novel approach of Diebold and Yilmaz (DY hereafter) (2012) to quantify the spillovers. In addition to its less computational requirements, the different episodes characterizing the behaviour of spillovers over time can be traced using this approach. The underlying multivariate framework for the implementation of DY (2012) is the Vector Autoregressive (VAR) models and the variance decompositions form the basis for the computation of the spillovers. In actual fact, this approach was first proposed by DY (2009); however, the variance decompositions generated are sensitive to the ordering of the variables as they are based on Cholesky factorization. In order to circumvent this problem, DY (2012) exploit the generalized VAR framework of Koop, Pesaran, and Potter (1996) and Pesaran and Shin(1998) , hereafter KPPS, which produces variance decompositions which are invariant to the ordering.
In terms of application, the use of the revised DY methodology in dealing with market spllovers is just emerging since the approach itself is still very much recent. In addition 6 to the applications rendered by DY, the few notable studies that have adopted the methodology include Antonakakis (2012) , Louzis (2012), Awartani and Maghyereh (2013) , Conefrey and Cronin (2013) , Duncan and Kabundi (2013) , Sugimoto et al. (2013 ), Fernández-Rodríguez et al. (2015 , and Nishimura et al. (2015) .
In Section 2, we describe DY (2012) approach for the computation of return and volatility spillovers. Some preliminary analyses involving descriptive statistics and graphical illustrations are provided in Section 3. In Section 4, we present and discuss the Spillover tables while rolling window analyses are rendered in Section 5 to complement the spillover tables. Thereafter, some robustness checks are carried out in Section 6 and we conclude the paper in Section 7.
The Diebold -Yilmaz (2012) Approach
The underlying framework for the spillover analysis is the generalized vector autoregressive (VAR) model of KPSS which is invariant to variable ordering. Essentially, four different spillover types can be generated using the DY (2012) and they are Total Spillovers, Directional Spillovers, Net Spillovers and Net Pairwise Spillovers. A is assumed to obey the recursion
A is an identity matrix with an NN  dimension and 0 i A  for 0 i < . Equation (2) Given these preliminaries, the total spillover index is written as:
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All the parameters in equation (5) have been previously defined. Essentially, equation (5) measures the contribution of spillovers of return/volatility shocks across the assets under consideration. In our case, the total spillover index captures the contribution of spillovers of return/volatility shocks across the six (6) global FX markets to the total forecast error variance.
Also, it is possible to assess quantitatively the direction of spillovers across the six global FX markets using the DY (2012) approach. These directional spillovers are classified into two namely 'Directional Spillover To' and 'Directional Spillover From' . The former measures the directional spillovers whether return or volatility transmitted by 
, 1 100 100
Also, the 'Directional Spillover From' denoted as
S is measured using the index given below:
Equally, the Net Spillovers can be obtained using the index expressed below:
Equation (8) gives the difference between the gross return/volatility shocks transmitted to and received from all other markers. In other words, information about each market's contribution to the return/volatility of other markers can be obtained through the net spillovers.
In our analysis, we consider a second order 6-variable VARs with 10-step-ahead forecasts. Relevant diagnostics are also rendered to validate the robustness of our results. 4
Data and Preliminary Analyses
A statistical analysis of returns and volatilities of the considered currency pairs is rendered here in order to elicit their statistical properties. We adopt daily data over a sixteen year period from 01/01/1999 to 31/12/2014 which are freely downloadable from the database of Forex Forum Global View (www.global-view.com/forextrading-tools/forex-history/). The returns of the series (rt) are computed as the first difference of the natural logarithm of the level series (Pt); this is expressed in equation (1) Table 1 presents the descriptive statistics for the return series of all the currency pairs over the full sample period. The mean in the table represents the average returns of each currency pair over the considered time period. On average, three out of the six exchange rate pairs namely; EUR/USD, USD/JPY and AUD/USD have positive average returns which imply the EUR and the AUD depreciated against the USD while the JPY appreciated against the USD. On the other hand, the USD/CHF, GBP/USD and the USD/CAD all have negative average returns and this implies that the USD appreciated against the CHF and CAD while the GBP appreciated against the USD. The behaviour of the return series is further analysed using graphical illustrations (see Figure 1 ). Figure 1 depicts that USD appreciated against EUR, CHF, CAD and AUD consistently over the period under consideration while the trend appears mixed for GBP and JPY. This observation is also consistent with the computed descriptive statistics. The GBP depreciated against USD before the global financial crisis and thereafter became relatively stronger than the latter. However, the JPY/USD seems to follow an unsteady pattern although USD gained more appreciation against JPY over the period under consideration. The maximum and minimum values including the skewness and kurtosis statistics of the currency pairs' returns are also presented. The return series of all the currency pairs are skewed with the exemption of the EUR/USD which appears symmetrical around the mean with the skewness statistics of 0.006. However, while the USD/CHF and the USD/CAD are positively skewed, the USD/JPY, GBP/USD and AUD/USD are negatively skewed. The kurtosis statistics also reveal that the return series of all currency pairs are highly peaked or leptokurtic. Table 2 shows the descriptive statistics for the volatility series of all the currency pairs under the whole sample period. Drawing from figure 2, all the six currency pairs are volatile (though some are more volatile than others) with evidence of volatility clustering, i.e., periods of high volatility are followed by periods of relatively low volatility. Also, virtually all these currency pairs exhibit notable spikes that coincide with the global financial crisis and the sovereign debt crisis expect for the GBP/USD_VOL (with notable spike around 2001 as a result of 9/11 terrorist attack in the US) and the USD_JPY_VOL with mixed behaviour. The average unpredictability nature of each currency pair is captured by the mean in table 2. The USD/CAD_VOL has the least mean value while the AUD/USD-VOL has the highest mean value. In terms of deviation from the mean, the EUR/USD_VOL has the least value followed by the USD/JPY_VOL, USD/CAD_VOL, USD_CHF_VOL, GBP/USD_VOL and AUD/USD_VOL in ascending order. Thus, the AUD/USD is more volatile than others judging by the standard deviation. In addition, all the volatility series are positively skewed and have fat tails. 
Analysis of Spillover Tables
The DY approach is usually partitioned into two namely the Spillover Tables and the Rolling Window Analyses. The former produces a single-fixed (scalar) value for each of the indices over the period of interest. This may be useful where the interest is to estimate the aggregate spillovers over a particular period of time. However, a deeper and intuitive result can be obtained where unprecedented events characterizing the behaviour of the spillovers are reflected in the analysis. This is the essence of the rolling window analyses. Thus, the latter complements the former as it unveils the cyclical and secular movements explaining the behaviour of the spillovers from one period to another.
Here, we analyze the spillover tables for both returns and volatilities of the global FX markets (see Tables 3 and 4 respectively). Table 3 presents the return spillovers computed for the whole sample based on a second order 6-variable VARs with 10-stepahead forecasts. The off-diagonal column sums give the "contribution to others" while the off-diagonal row sums provide the "contribution from others". Both are directional spillovers where "Directional spillovers to" is represented by "contribution to others" while "Directional spillovers from" is denoted by "contribution from others" in both tables. Thus, each element in each column, other than the main diagonal elements, captures individual market's contribution to the forecast error variance of other markets. In the same vein, each element in each row, excluding the main diagonal elements, measures the amount of contributions of other markets to the forecast error variance of a particular market under consideration. Technically, "contribution to others" measures the total contribution of shocks to a particular market to the forecast error variance of other markets while "contribution from others" measures the total contribution of shocks to other markets to the forecast error variance of a particular market. In essence, the spillover table is analogous to the input-output table as it shows how shocks are absorbed and transmitted within the system under consideration.
The net spillovers are obtained by subtracting the "contribution from others" from "contributions to others" or vice versa. In other words, the net spillovers reflect the difference between the contribution a market gives to and receives from others. Using the former definition, a positive magnitude is an indication that the market under consideration has a greater influence in other markets than the influence it receives from them. This makes the market under consideration less vulnerable to external shocks. Conversely, a negative magnitude implies that the market under examination is more vulnerable to shocks to other markets. Furthermore, the total spillover index is presented in the lower right corner of the spillover table and it is computed by expressing the sum of "contributions to others" (or the sum of "contributions from others") as a percentage of sum of "contributions including own". This renders the various directional spillovers into a single index; therefore, it effectively captures the total spillovers transmitted among the markets under consideration.
Let us now proceed to the interpretation of the spillover table for the return series (see Table 3 ). 5 Starting with individual directional spillovers from others, the swissie records the highest contribution to the forecast error variance of the euro returns with about 26.7% followed by the cable with about 14%. Thus, shocks to the swissie are more likely to affect the behaviour of the euro returns than shocks to other major FX markets in the world. Interestingly and expectedly too, shocks to the euro have greater impact on the forecast error variance of the swissie returns than shocks to other FX markets considered. The euro explains about 29.7% of the forecast error variance of the swissie returns and distantly followed by the cable with 11.2%. Also, although relatively smaller compared to the euro and the swisse FX markets, the forecast error variance of the cable returns is more influenced by shocks to the euro with about 17.7% and closely followed by the swissie and the aussie with about 12.7% and 11.7% respectively. In the case of the loonie returns however, the contribution from other markets to its forecast error variance is dominated by the aussie with 20.3% and distantly followed by the euro with 10.2%. Like the loonie returns, the contribution of other markets to the forecast error variance of the aussie returns is largely captured by the loonie with about 17.9% and closely followed by the euro as well with about 14.2%. The gropher market however receives the lowest contribution from other markets with the swissie having the highest with about 10.7% and followed by the euro with about 4.7%. Thus, bidirectional spillovers seem more evident between the swissie and the euro as well as between the aussie and the loonie than any other FX market pairs. On the whole however, the euro returns receive the highest contribution from others with about 61% and followed closely by the swissie, cable and aussie returns with contributions of about 57%, 51% and 51% respectively while the loonie receives about 44%, the gropher records the lowest contributions from others. In other words, shocks to other markets account for greater percentage of the forecast error variances of the euro, swissie, cable and aussie markets than their own shocks while the forecast error variances of the loonie and gropher are substantially explained by their own shocks. Intuitively, the euro, swisse, cable and aussie are more vulnerable to return shocks of Global FX markets than other currency pairs in the world.
Quite similar to the gross directional spillovers from others, shocks to the euro have greater impact on other global FX markets than any other FX market. Following the euro in terms of influence in the global FX markets are the swissie, aussie, cable and loonie in that order while the impact of the gropher seems minimal. In essence, the global FX markets are also vulnerable to the return shocks of the euro, swisse, cable and aussie. In relation to the net spillovers, positive values are recorded for both the euro and swissie although the former is higher (about 16%) than the latter (about 5%) while other currency pairs considered have negative net spillovers. This suggests that the euro and swissie give more than they receive in the global FX markets while others (the cable, aussie, loonie and gropher) give less than they receive. This finding further strengthens the significance of the euro and swissie returns in the global FX markets.
Looking at the total spillover index, the computed value is 46.9% which is an indication that slightly less than half of the total variance of the forecast errors during the sample is explained by shocks across the currency pairs, whereas the remaining 53.9% is explained by idiosyncratic shocks. Table 4 presents the volatility spillovers over the full sample period. The distribution of the spillovers slightly differs from the return spillovers reported in table 3. Unlike returns, the directional volatility spillovers from and to other markets are quite low and below the average for all the currency pairs. Therefore, a large amount of return spillovers may not necessarily imply a large amount of volatility spillovers. Nonetheless, on the basis of the reported volatility spillovers, the loonie seems to be most vulnerable to volatility shocks of other markets followed by the euro, aussie, gropher and swissie while the cable has the least vulnerability and less risky relative to others. The spillover index of about 22.7 percent for the volatility is also smaller than the returns. This suggests that the return volatility for the individual currency pairs is driven by exogenous factors which are not captured in the VAR system used. Related existing studies have suggested that the inclusion of oil price and stock into a diversified portfolio of FX will improve its risk-adjusted return performance (see Ulku and Demirci, 2012 and Mobolaji, 2013 for a review). Notwithstanding, the spillover indexes of 22.7 percent and 46.9 percent for volatility and return spillovers respectively suggest some level of interdependence among the major currency pairs in the world. In the section that follows, we consider a more robust framework for the evaluation of spillovers in the global FX markets.
Rolling-Sample Analysis
Although, the spillover table and index with other relevant discussions examined above have given an overview of the "average" spillover behaviour in the global FX market, it is however inadequate in capturing "important secular and cyclical movements in spillovers" (Diebold and Yilmaz, 2012) . In light of this, we propose a rolling window framework using 200-day sub-sample rolling windows in order to address these inadequacies and properly capture events or crises episodes that may have occurred during the period under consideration.
The resultant plots for total spillover indexes for both returns and volatilities are presented in figures 3 and 4 respectively. Both total spillovers start at a value above 35 percent with volatility spillover slightly higher than return spillover in the first window. The total return spillover plot reveals that spillover effects across the major currency pairs were quite high fluctuating between 30 percent and 70 percent with an exception in 2005 where it exceeded the 70 percent mark. However, the total volatility spillover mostly varied between 30 percent and 60 percent with an important exception in mid-2008 which was prominently characterized by the global financial crisis era. The total return and volatility spillovers steadily fell below 35 percent between late 1999 and early 2000 as the world celebrated the turn of the new millennium. In the first half of 2001, both currency return and volatility spillovers declined to almost 30 percent with the indexes increasing to about 50 percent and 40 percent respectively in the second half of 2001. These sudden changes could be attributed to the internet bubble and the swearing in of a new U.S president during this period. However, the return and volatility spillover indexes plunged to about 37 percent and 32 percent which is traceable to the U.S terrorist attacks in the same year. However, both spillover plots reveal a gradual increase after late 2008 probably reflecting the continuous upward trend in oil prices in 2008. This was followed by substantial fluctuations for the rest of the period (i.e. between 2009 and 2014) particularly for the volatility spillovers. For instance, in 2011, the currency return spillover index plunged from 58 percent to 40 percent with the volatility also hitting the bottom in the second half of 2011 owing to the worsening economic crisis in Greece during that period, after which there was a surge between mid-2011 and the first quarter of 2012 following the occurrence of major sporting events in Europe (Euro 2012 in Poland and Ukraine and the London 2012 Olympics). From a downward slope in 2013, the plots reveal an upward movement in the spillover index which is traceable to various world events such as the World Cup tournaments (hosted by Brazil) and incessant drop in oil prices. In sum, a cursory look at the two graphs depicts that return spillovers exhibit both trends and bursts over the period under consideration while volatility spillovers display significant bursts but no trends. 
Directional Spillovers
Having discussed the total spillover plots in the global currency market, it is however necessary that we examine the direction of spillovers from and to others among the various currency pairs for both returns and volatilities. We start by examining the directional return spillovers presented in figures 5 and 6. Both directional return spillovers to and from others seem to follow similar patterns. The first group involves currency pairs that witnessed somewhat increasing trends from 1999 to 2007 followed by a sharp decline during the crisis period and thereafter, there was a smaller and unsteady increase in the spillovers. The euro, swissie, cable and gropher fall under this category. The second group appears to be the converse of the first group. The spillovers recorded significant increases during the crisis period with a somewhat downward trend afterwards. The loonie and aussie fall under this category. Regardless of the groupings, the two figures suggest substantial directional return spillovers among the Total Spillovers : Modelling Return and Volatility Spilovers in Global Foreign Exchange MarketsCentre for Econometric and Allied Research, University of Ibadan Working Papers Series, CWPS 0030 20 currency pairs. Like the total return spillovers, the directional return spillovers also exhibit both trends and bursts over the rolling window.
Looking at the direction volatility spillovers (see figures 7 and 8), we find a pattern that is similar to the total volatility spillovers. In other words, the directional volatility spillovers also display significant bursts like the total volatility spillovers. All the currency pairs recorded substantial volalitility spillovers implying that they are all vulnerable to volatility shocks in the global FX markets.
Net Spillovers
Examining the net directional spillover effects enables us to detect net transmitters and receivers of spillovers and their contribution to total spillovers. Figures 9 and 10 present the respective net return and volatility spillovers for the currency pairs. As depicted in figure 9 , the net spillovers for the gropher and loonie were almost predominantly negative implying that they were mainly net receivers of return spillovers between 1999 and 2014. While the euro and swissie were majorly net spillover transmitters over the entire rolling window, the behaviour of the cable and aussie was mixed. One of the notable distinctions between the latter two is that the cable was a net receiver after the global financial crisis while the aussie was a net spillover transmitter during the same period. In other words, the cable became more vulnerable than the aussie after the global financial crisis. More noticeably, the euro appears to be the highest contributor to return spillovers in the global FX markets followed by the swissie. This further reinforces the results of the spillover table for returns where only the euro and swissie have positive net spillovers on average. However for net volatility spillovers, figure 10 shows that the euro was substantially a net spillover transmitter while the gropher was largely a net spillover receiver. In fact, the only notable positive net spillover for the gropher was recorded during the global financial crisis (2007-2009) and 2011-2012 coinciding with the natural disaster in Japan where 9 earthquakes struck northeast of the country. The net volatility spillovers for the other currency pairs hovered around zero for most parts of the rolling window. However, virtually all of them displayed significant net volatility spillovers during and after the global financial crisis. Some individual specific crisis episodes also evident include the 1999-2000 internet boom (Dotcom bubble); the 2001 terrorist attack in the US; and 2011 global currency crisis being the fall out of the European debt crisis on the euro. In summary, the rolling window analyses unveil substantial return and volatility spillovers for some periods than the others due to some secular and cyclical events as highlighted. These variations are usually not readily visible in the spillover tables. This explains why it is important to complement the spillover indexes with rolling window analyses. 
Robustness Checks
We also render some robustness checks in order to ascertain the reliability of our results. Essentially, we consider the sensitivity of the spillover indexes for both returns and volatilities to VAR lag structure, forecast horizon and rolling window width. Consequently, we consider three scenarios as follows: (i) VAR orders of 2-6; (ii) 5-to 20-day forecast horizons; and (iii) 100-to 250-day rolling window widths. The resulting graphs are presented in figures 11 to 13. As depicted in all these figures, our results for both returns and volatilities are robust to all the considered scenarios. In other words, the calculated spillover indexes for the return and volatility series of the global FX markets are not sensitive to VAR lag structure, forecast horizon and rolling window widths. Figure 11 deals with VAR lag structure, figure 12 relates to forecast horizon while figure 12 captures rolling window width. 
Concluding Remarks
This study measures the degree of interdependence in global FX markets using six most traded currency pairs in the world that account for over 95 percent of global forex trading. It employs the novel approach of DY (2012) that facilitates the computation of relevant spillover indexes such as the gross spillover index, directional spillover index and net spillover index. It also complements these single-fixed spillover indexes with rolling-window analyses which seem to be more reliable and realistic. The striking findings of the study can be classified into four. First, we find evidence of cross-market spillovers among the selected currency pairs. Similarly, with the exception of the gropher, the directional spillovers are quite high indicating strong interdependence in the returns of the major traded currency pairs. Intuitively, an unprecedented change in the return of one currency pair is more likely to affect the returns of other major currency pairs. Among these currency pairs however, the euro, swissie, aussie and cable appear to exert more influence on the behaviour of returns of the global FX markets than other major currency pairs. Second, we find relatively lower volatility spillovers compared to the return spillovers over the period under consideration. Nonetheless, on the basis of the reported volatility spillovers, the loonie seems to be most vulnerable to volatility shocks of other markets followed by the euro, aussie, gropher and swissie while the cable has the least vulnerability and less risky relative to others. Third, on the basis of the rolling window analyses, return spillovers exhibit both trends and bursts while volatility spillovers exhibit only bursts although the latter series seems to exhibit more bursts than the former. Fourth, we identify different episodes (both crisis and noncrisis) that characterize the observed fluctuations in returns and volatilities of global FX markets. Overall, our results are robust to the VAR lag structure, forecast horizon and rolling window width.
